Graphene-based solid-state catalysis is an emerging direction in research on graphene, which opens new opportunities in graphene applications and thus has attracted enormous interests recently. A central issue in graphene-based catalysis is the lack of an effective yet practical way to activate the chemically inert graphene, which is largely due to the difficulties in the direct treatment of graphene (such as doping transition metal elements and introducing particular type of vacancies). Here we report a way to overcome these difficulties by promoting the reactivity and catalytic activity of graphene via substrate engineering. With thorough first-principles investigations, we demonstrate that when introduce a defect, either a substitutional impurity atom (e.g. Au, Cu, Ag, Zn) or a single vacancy, in the underlying Ru (0001) substrate, the reactivity of the supported graphene can be greatly enhanced, resulting in the chemical adsorption of O 2 molecules on graphene. The origin of the O 2 chemical adsorption is found to be the impurity-or vacancy-induced significant charge transfer from the graphene-Ru (0001) contact region to the 2π* orbital of the O 2 molecule. We then further show that the charge transfer also leads to high catalytic activity of graphene for chemical reaction of CO oxidation. According to our calculations, the catalyzed CO oxidation takes place in Eley-Rideal (ER) mechanism with low reaction barriers (around 0.5 eV), suggesting that the substrate engineering is an effective way to turn the supported graphene into an excellent catalyst that has potential for large-scale industrial applications.
INTRODUCTION
Recent research effort has shown that graphene has potential applications not only in solid-state physics as a promising electronic material 1 but also in solid-state chemistry as a novel catalyst or support of catalysts. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Since graphene itself is chemically inert, a central issue in designing graphene-based solid-state catalysts (GBSSCs) is to promote reactivity and catalytic activity of graphene in an efficient yet practical way. In literature, various methods for activating graphene such as applying a mechanical strain 3 , introducing vacancy defects 4 , impurity doping [5] [6] [7] [8] , and decorating graphene with functional groups 9, 10 have been proposed. Some unusual and exciting features of GBSSCs have been reported, making graphene a seemingly promising candidate for solid-state catalysts. However, all these previously suggested GBSSCs require direct treatments of graphene [3] [4] [5] [6] [7] [8] [9] [10] and/ or specially designed ultra-thin metal layer 8 , which are very difficult (if not impossible) to realize in a controllable manner in experiments, therefore present great challenges for large-scale production in industry. The lack of efficient and easy-to-control way of activating graphene has now become the major factor that limits the future development of GBSSCs. Here with comprehensive computational modeling, we describe an interesting way to greatly promote reactivity and catalytic activity of graphene via engineering the underlying substrate with defects. Defects include substitution impurity atoms and also vacancies. Compared with previous suggestions, the substrate engineering proposed here is much more practical and easier to control since no ultra-thin metal layer between substrate and graphene is needed and the direct treatment of graphene is avoided. We expect our findings to stimulate new experiments, and pave the way for future design of GBSSCs that are good for large-scale industrial applications.
A schematic illustration of the substrate engineering for reactivity of graphene is given in Fig. 1 , where graphene is supported on a substrate that is engineered with defects, a substitutional impurity atom (IA) and a vacancy (V). The defect (IA or V) changes the interaction between graphene and the substrate, resulting in possibly different local chemical properties of those graphene parts right above the defect (areas enclosed by red dotted circles in the figure). We expect that by appropriately choosing types of IA and V, the reactivity of those local parts can be greatly enhanced. In this paper, the substrate is chosen to be Ru (0001) that has been widely used as graphene support [12] [13] [14] and the reactivity of graphene is tested by O 2 adsorption. As demonstrated in the figure, O 2 molecules chemically bind onto the activated parts of graphene, while other parts of graphene remain inactive for O 2 adsorption.
RESULTS AND DISCUSSIONS
Graphene supported on Ru (0001) It has been shown that the epitaxial high-quality monolayer graphene with macroscale size can continuously form on Ru (0001), [12] [13] [14] which makes Ru (0001) one of the most promising substrates for graphene applications. Density functional theory (DFT)-based computational modeling is the commonly used theoretical tool to understand physical and chemical properties of Ru (0001)-supported graphene. [15] [16] [17] In literature, two different types of DFT-based approaches have been used. The first one uses a very large supercell (e.g., 11 × 11 graphene unit cells) 17 to describe the so-called moiré pattern originated from the lattice mismatch between graphene and Ru. This approach is able to produce the long-range variation of the lattice that agrees well with experiments, but extremely expensive so that is not applicable for some detailed analysis such as chemical reactivity and catalytic activity of the supported graphene. The second approach (which is more often used) employs a much smaller supercell with stretched lattice constant of graphene (to match the Ru (0001) lattice). [15] [16] [17] Previous studies have convincingly shown that although the second approach (the stretched model) neglects the long-range lattice variation (the moiré pattern), it does generate essentially the same electronic properties of the system as those obtained from the first approach, therefore can correctly describe the interaction between graphene and Ru (0001) and are good for further analysis.
In this paper, we adopt the second approach in our computational studies. In particular, we use a supercell that contains 4 × 4 graphene cells and the graphene cell is stretched to match the lattice of Ru (0001). Following the common practice in previous DFT calculations, we consider here three possible different adsorption configurations of graphene@Ru (0001): fcc-top, hcptop, fcc-hcp (as shown in Fig. 2a-c, respectively ). An additional configuration (the intermediate one between fcc-top and hcp-top as shown in Fig. 2d ) is also found to be stable in our calculations. For the fcc-hcp case, there is no chemical binding between graphene and Ru (0001), and, for both fcc-top and and hcp-top configurations, the adsorption energy of graphene is estimated to be around −0.4 eV per C with the distance between graphene and Ru surface (d G-Ru ) around 2.16 Å, all of which agree well with previous calculations. For the intermediate configuration, our calculations yield the graphene adsorption energy about −0.3 eV/ C and d G-Ru around 2.10 Å. The isosurfaces of charge redistribution clearly indicate that chemical bonds form between graphene and Ru surface for fcc-top, hcp-top, and intermediate cases. Note that here the charge redistribution is defined as the electron density difference between graphene@Ru (0001) and the two separated systems:
Further calculations for all of these four configurations show that when supported on Ru (0001), graphene is still inactive so that O 2 molecules do not chemically bind on it. Next we will try to activate graphene via the aforementioned substrate engineering.
Engineering the Ru (0001) substrate with substitutional impurity atoms The major idea of this paper is to tune the reactivity of graphene by engineering the underlying substrate with defects, which enables us to avoid the direct treatment of graphene. Two types of defects (IA and V as aforementioned) are to be tested. In this section, we investigate the effects of IA on reactivity and catalytic activity of the supported graphene. Four different types of impurities, Au, Ag, Cu, and Zn, are studied. We show that all these impurities in the substrate are able to dramatically promote the reactivity and also the catalytic activity of the supported graphene, leading to chemical adsorption of O 2 molecules and low reaction barriers of CO oxidation. In Fig. 3 , we plot the optimized atomic structures of graphene supported on Ru (0001) with an Au impurity. All four possible adsorption configurations as mentioned earlier are considered. The charge redistribution caused by the Au impurity defined as δρ¼ρ G@doped Ru À ρ G@Ru is also shown in the figure. Other impurity cases are shown in the supplemental material ( Figures S1-S3 ).
From Fig. 3 , we can see that with the Au impurity in Ru (0001), the supported graphene still remains flat, while, for fcc-top, hcptop, and intermediate cases, the impurity causes the charge transfer from the graphene-Ru contact region to the impurity and also C atoms right on top of it. The impurity-atom induced electron accumulation can also be verified by the electron localized function (ELF) as shown in the upper panel of Figure  S4 (supplemental material). Such charge transfer weakens the chemical bonds between these affected C atoms and the substrate, resulting in a weaker graphene adsorption (increase in adsorption energy around +0.06 eV per C) compared with undoped cases for all these three configurations. For the fcc-hcp case (Fig. 3c) , as expected, the Au impurity has negligible effects on graphene for the fcc-hcp configuration due to the weak interaction between graphene and Ru surface in this case.
We expect the Au-impurity-induced charge transfer (Fig. 3a , b, d) to create a local region in the supported graphene with different chemical properties from other parts. Our calculations Fig. 4 . The isosurfaces of charge redistribution caused by the O 2 adsorption is also superimposed in the figure. The charge transfer from the graphene to O 2 2π* orbital can be clearly seen. To further illustrate the charge transfer, we plot in Fig. 4d the density of states (DOS) of O 2 p orbital before and after adsorption for the fcc-top case. Before adsorption, O 2 is magnetic with an empty spin-down 2π* orbital. After adsorption, electrons transfer to the empty 2π* orbital, pulling it down to be below Fermi energy and eliminating the magnetism. The charge transfer also leads to the significant elongation of O-O bond of the adsorbed O 2 molecule. In Table 1 Table S1 in the supplemental material). The impurity induced significant elongation of O-O bond (from its gas-phase value 1.23 Å) implies the activation of the O 2 molecule. We next probe the catalytic activity of the supported graphene using the catalyzed chemical reaction of CO oxidation.
In most cases, a complete cycle of the catalyzed CO oxidation consists of two steps: (1) one CO is oxidized by one O, CO + O 2 ⇒ CO 2 + O*; (2) another CO comes and brings away the leftover O atom, CO + O* ⇒ CO 2 . Since the CO molecule does not bind onto the supported graphene, the catalyzed reaction happens in EleyRideal (ER) mechanism. With the cNEB method, we investigate the ER type of CO oxidation catalyzed by graphene@Ru (0001) with Au for fcc-top, hcp-top, and intermediate configurations (The fcc-hcp configuration is not catalytically active). The energy profile along the reaction path for the fcc-top case is shown in Fig. 4e , f. Both the two steps of the CO oxidation have low reaction barriers around 0.5 eV. Other two configurations, hcp-top and intermediate, generate similar low barriers with the highest value around 0.6 eV (see Table 2 and also Figures S8 and S9 in the supplemental material), clearly suggesting that the graphene supported on Ru (0001) with an Au impurity is an excellent catalyst for CO oxidation. Similar to Au, other impurities we tested, Ag, Cu, and Zn, also lead to high catalytic activity of the supported graphene (see Figures S10-S18 and Table S2 in the supplemental material). According to our calculations, the best catalytic performance occurs for the Ag impurity in the intermediate configuration, which gives the reaction barriers less than 0.4 eV for both reaction steps (Table S2) . Engineering the Ru (0001) substrate with vacancy Another way to engineer the properties of substrate is to introduce vacancies. As a demonstration, here we consider the simplest case, a single vacancy in Ru (0001). We will show that similar to the impurity case, a vacancy in the substrate can also greatly promote the reactivity and catalytic activity of the supported graphene.
In Fig. 5a , we show the optimized atomic model of Ru substrate with a single vacancy on its (0001) surface. In order to see the vacancy more clearly, we plot the different Ru layers in different colors. The fcc-top, hcp-top, and the intermediate graphene adsorption configurations are shown in Fig. 5b-d, respectively . The fcc-hcp case is neglected here since we have known from the previous section that the substrate has negligible effects on the supported graphene in this case. The charge redistribution caused by graphene adsorption, defined as δρ¼ρ G@Ru À ðρ G þ ρ Ru Þ, is also shown in the figure, from which we can see that similar to impurity cases, C atoms right above the vacancy (those enclosed in a green dashed squares) are chemically 'different' from other parts of graphene due to the weak bonding between these atoms and Ru substrate. ELF calculations show that with a vacancy, electrons also tend to accumulate on these C atoms (see Figure S4 in supplemental material). We therefore expect that these C atoms can be more reactive than others. Indeed, our calculations show that O 2 molecules chemically bind onto these C atoms with significant adsorption energies, −0.29 eV for fcc-top, −0.49 eV for hcp-top, and −0.58 eV for intermediate case. In contrast, other parts of graphene still remain inert so that there is no chemical adsorption of O 2 molecules. The O 2 adsorption configurations for different cases are shown in Fig. 6 with isosurfaces of O 2 induced charge redistribution superimposed. Similar to impurity cases, there are significant charge transfer to O 2 2π* orbital for all cases, which can be more clearly seen from partial DOS of p orbital of O 2 (Fig. 6d) . The amount of charge transfer and also the significantly elongated O-O bond length for all cases are summarized in Table 3 .
We now study the effects of the vacancy in the underlying substrate on catalytic activity of the supported graphene by calculating reaction barriers of the catalyzed CO oxidation using the cNEB method. The energy profile along the reaction path for the fcc-top case is shown in Fig. 6e , f. The reaction takes place in ER mechanism due to the fact that CO molecules do not bind onto graphene for all cases. The first step of the reaction (Fig. 6e) has a very low reaction barrier (0.32 eV), and the barrier for the second step CO oxidation (Fig. 6f) is around 0.53 eV, indicating the vacancy induced high catalytic activity of the supported graphene. Energy profiles for the reaction catalyzed by other two configurations (hcp-top and intermediate one) can be found in Figures S19 and S20 in the supplemental material. The calculated reaction barriers of these two cases are summarized in Table 4 . All these results indicate that the vacancy in the substrate can be an effective way to greatly promote the catalytic activity of the supported graphene.
CONCLUSIONS
In summary, via intensive first-principles calculations, we demonstrate an intriguing way to drastically promote reactivity and catalytic activity of graphene via engineering the underlying substrate with defects. We show that when a defect, either a substitutional IA or a single vacancy, is introduced into the underlying substrate (Ru (0001) in this paper), the reactivity of the supported graphene can be greatly enhanced. As a result, O 2 molecules can be chemically adsorbed on graphene right above the defect in the substrate. The origin of the O 2 chemical adsorption is found to be the impurity-or vacancy-induced significant charge transfer from the graphene-Ru (0001) contact region to the 2π* orbital of the O 2 molecule. We then further show that the charge transfer also leads to high catalytic activity of graphene for chemical reaction of CO oxidation. According to our calculations, the catalyzed CO oxidation takes place in ER mechanism with low reaction barriers (around 0.5 eV). Together with reasonable formation energies of those impurities and vacancy we considered (Table S3 in supplemental material), our studies show that the substrate engineering can be a very practical and efficient way to turn the supported graphene into an excellent catalyst. Our calculations also suggest that two factors are important in the defect-in-substrate enhanced reactivity and catalytic activity of graphene: The strong chemical interaction Substrate engineering of graphene reactivity Na Guo et al. between the defect-free substrate and the supported graphene, and the defect-induced significant weakening of the interaction. These results provide guidelines for the design of a new family of high-performance graphene-based solid-state catalysts that may have potential for large-scale industrial applications.
COMPUTATIONAL METHODS
The first-principles calculations are performed with spin-polarized DFT as implemented in Vienna ab-initio Simulation Package (VASP). 18, 19 van der Waals (vdW) interactions are considered through the so-called DFT+D2 method. 20 Activation barriers of catalyzed chemical reactions (CO oxidation in this paper) are determined by the Climbing Image Nudged Elastic Band (cNEB) method. 21 The generalized gradient approximation in the PerdewBurke-Ernzerhof format 22 and the projector augmented wave method 23 are employed in all calculations. A plane wave basis with the cut-off energy of 400 eV is used. The convergence criterion for structural relaxations is set to 0.01 eV/Å.
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